The current study describes the determination of the transfer function of an Acousto Optical Tunable Filter from the in-flight solar observations of the SOIR instrument on board Venus Express. An approach is proposed in order to reconstruct the transfer function profile from the analysis of various solar lines. Moreover this technique allows the determination of the evolution of the transfer function as a function of the AOTF radio frequency.
Introduction
This study has been motivated by the fact that our team is involved in the analysis of the data of the SOIR instrument on Venus Express. SOIR [1, 2] (Solar Occultation in the InfraRed) is an infrared spectrometer mounted on top of the SPICAV [3] instrument on board Venus Express [4] . The optics includes an echelle grating, used for splitting the light into 94 useful diffraction orders. The diffraction order selection is performed using an Acousto Optical Tunable Filter (AOTF) located between the entrance optics and the grating. The radio transducer of the AOTF is electrically commanded, and its frequency varies from 12700 kHz to 26325 kHz. In terms of wavelength, it corresponds to the 2.2 -4.3 µm region.
The AOTF physical characteristics have been extensively described elsewhere [1, 2] and will be only briefly summarized here. Theoretically, the AOTF transfer function may be modelled as a sinc² function [5, 6] . However, data processing demonstrated that a sinc² function does not correctly reproduce the AOTF function [7] .
Due to short construction time, the AOTF transfer function could not be measured correctly throughout its whole wavenumber range in the laboratory before launch. Moreover, it is suspected that the AOTF crystal suffered some damage during take off, which probably changed the shape of the transfer function. A new method has been derived to determine the transfer function of the AOTF using only in-flight measurements, i.e. direct Sun measurements. This new method is described and illustrated in the present study.
Section 2 gives a short description of the optics of the SOIR instrument, and explains how it can be modelled. The method used to retrieve the AOTF transfer function is reported in Section 3, and results are presented in Section 4. Finally, conclusions are drawn in Section 5.
The SOIR instrument

Description
During a measurement, a diffraction order is selected for study based on spectroscopic consideration. The AOTF radiofrequency is tuned in accordance, so that the maximum of transmission of the filter corresponds to the selected wavelength, which most of the time corresponds to the central wavelength of the chosen order. An AOTF frequency to wavenumber relationship has been defined in [2] . Hereafter the selected order will be called central order or simply order.
After passing through the entrance optics (aperture followed by elements 1 and 2 of Fig.  1 ), light enters the AOTF (elements 3 of Fig. 1 ). This component filters the light by a given function, namely the AOTF transfer function, which has to be determined. The light is then diffracted by the echelle grating (element 7 of Fig. 1 ) and finally it is recorded by the detector (elements 10 of Fig. 1 ). Fig. 1 . SOIR optics. The AOTF (3) is located after the entrance optics (1 and 2). The echelle grating (7) diffracts the incoming light, which is recorded by the detector (10).
The free spectral range (FSR) of the echelle spectrometer, i.e. the spectral interval in which there is no interference or superposition of light from adjacent orders equals 22.38 cm -1 , whereas the bandwidth of the AOTF was originally designed to be 20 cm -1 , as measured on ground before launch [1] . The real measured bandwidth of SOIR is ~24 cm -1 , creating some order leakage on the detector [2] . The contribution coming from the non central orders is certainly not negligible and has to be taken into account. In general, we consider a total of 7 contributing orders to determine the final signal on the detector, as it is the best compromise between calculation speed and accuracy of the retrieved spectra [2, 7] . In some cases, for example when analysing the deep CO 2 lines present in the orders 103 to 112, a total of 9 orders is used.
Procedure to reconstruct a SOIR spectrum
To simulate these steps, the following procedure is applied. First the theoretical transmittance spectrum is convolved by the instrumental function, modelled by a sinc² function as described in [2] , whose width corresponds to the achieved resolution of the instrument, i.e. 0.15 cm -1 (Panels A and B of Fig. 2 ). Next, it is multiplied by the AOTF transfer function (Panel C of Fig. 2 ). And finally the order addition is performed (Panels D and E of Fig. 2 ). For this operation, three orders with a higher diffraction number and three orders with a lower diffraction number compared to the central order are taken into account, giving a total of 7 orders. The signal is read across 32 rows of pixels on the detector of SOIR [2] . Some telemetric constraints force us to sum these rows into several groups, or bins. Four different binning cases, have been defined and used [2] : 2 bins of 16 rows (binning 2x16), 2 bins of 12 rows (binning 2x12), 8 bins of 4 rows (binning 8x4) and 4 bins of 4 rows (binning 4x4). As an example, 'binning 2x16' means that 2 spectra are recorded simultaneously, the first one corresponds to the signal received on rows 1 to 16 and the second one to the signal on rows 17 to 32.
Propagation of light through the SOIR crystal
If we consider that the light travels as planar waves through the AOTF crystal, the transfer function can be modelled fairly well by a single sinc² function [8] . However, after launch of the VEX spacecraft, it was realized that the width of AOTF transfer function had changed and that the side lobes of the function were different to what had been measured on Earth [2] . We interpret this change as the result of some damage suffered by the device during the take off phase. Because of this probable slight damage of the AOTF crystal, one could consider the medium is no longer perfectly homogeneous. The light would no longer travel as a planar wave. There are two consequences to this: (1) The light at the output is the result of several planar waves propagating through the crystal; and (2) the transmission through the crystal will depend on the physical portion of the medium which is passed through. The bandpass function will then (1) be modelled as the sum of several sinc² functions and (2) depends on the position of the detector rows, therefore on the binning case. Moreover, it should be noted that the AOTF function depends on the radio frequency applied to the device, and therefore on the wavelength of the light transmitted through the crystal.
Method for reconstituting the AOTF transfer function
Measurement description
A dedicated operation mode of SOIR is used to obtain the AOTF transfer function, namely the miniscan mode [2] . A miniscan consists of varying the AOTF frequency by small steps, i.e. 1, 5 or 20 kHz, while looking at the Sun from orbit directly, without intersecting the planet's atmosphere. It offers the possibility of measuring the Fraunhofer solar absorption lines [9] precisely. These lines being clearly known and very sharp (sharper than the instrument function [2] ), one can deduce the shape of the AOTF transfer function.
The miniscans cover wavenumber regions spanning a minimum of 68.7 cm -1 , a maximum of 157.3 cm -1 with an average value of 81.0 cm -1 .
As explained in the previous section, the absorption lines from three orders with a higher diffraction number and three orders with a lower diffraction number compared to the central order can have a significant contribution to the measured spectrum. The solar absorption lines used for the current study have been carefully chosen in such a way that no line from any of the -3 to +3 adjacent orders falls on the same pixel nor on nearby pixels of the detector. This is easily performed knowing the relation diffraction order -wavenumber, which allows the accurate determination of the pixel number on which each solar line falls. The solar absorption lines studied have also a minimum of 0.92 in transmittance. The solar lines have also been chosen such that they cover the entire spectral range sounded by the instrument, as the AOTF bandpass function depends on the central wavelength. The pixel to pixel variation and the detector sensitivity variation have been removed as explained in [2] .
Procedure
In the following we will distinguish between a local and a global model. The local model allows the definition of the parameters needed to construct the AOTF bandpass function from a given solar line, i.e. corresponding to a given central wavenumber. This is repeated as many times as the number of selected solar lines. The global model is then used to draw trends in the fitted parameters in function of wavenumber, so that the AOTF bandpass function can be built for any given central wavenumber. 
Local model: AOTF transfer function model
The model that will be used to fit the AOTF transfer function is a sum of 5 sinc² functions:
where wn is the wavenumber, I i are the intensity coefficients, wn 0i the relative wavenumber position of the maximum of the sinc² functions, and fwhm i the full width half max of each sinc² function. It results in 14 variables to fit, as the first relative wavenumber wn 00 has to be equal to zero, i.e. centred on the maximum. A decision had to be made on the number of sinc² functions to use. This number had to be odd, as the number of sinc² had to be the same on both sides of the central sinc². It turned out that 7 cannot be used, because no reliable information can be obtained so far away from the AOTF maximum, as the miniscans that we used for this work do not cover that region. 5 sinc² is the maximum number that could be used. These parameters are fitted for each observed solar absorption line selected above using a Simplex algorithm. Constraints are also defined: all the I i and fwhm i values have to be positive -even after convergence; the values of the wn 0i must remain in well distinct intervals, defined as multiples of fwhm 0 , as illustrated in Fig. 3 .
As stated in Section 3.1, the average wavenumber width of the miniscans is 81 cm -1 . The value of fwhm 0 is around 24 cm -1 [2] . As the miniscans are not always centred on the solar line, up to three AOTF transfer function intervals may be measured using one solar line. Therefore, using several measurements of one line, one can reconstruct a maximum of 5 intervals. The inner three intervals are very well defined, and the outer two are less certain.
As stated in Section 3.1, the fit is performed on a set of measurements of each solar line, and for each measurement the pixel to pixel variation as well as the detector sensitivity variation is tentatively removed. The residual background is modelled for each measurement by a linear function, which may differ from miniscan to miniscan. For each measurement j, the model becomes: where α j and β j are the coefficients of the background of the measurement j, and the I i , wn 0i and fwhm i are the coefficients common to each measurement of the same line.
Global model: Variation of the local AOTF transfer function model with wavenumber
The local model defined in the above section can be performed for all the selected solar absorption lines throughout the whole SOIR spectral range, i.e. from 2250 to 4370 cm -1 . However, each separate local model is assumed to be related to the other ones, because the evolution of the bandpass function with wavenumber is smooth (see Fig. 7 ). We have supposed that the 14 parameters were varying linearly across the SOIR spectral range. 
where X is one of the 14 parameters defining the AOTF function (I i , wn 0i(≠0) or fwhm i ), a X the linear coefficient and b X the constant coefficient. Finally, a set of 28 coefficients has to be fitted. This fit is also performed using a Simplex algorithm, but with no constraints.
Interaction between the global and local models
The local models are all driven by the global model. They each receive a set of 14 initial variables obtained from the linear regression of the global model at the wavenumber of the solar absorption line, i.e. the absolute wavenumber of the maximum of the central sinc² function. Each local model returns a fitted set of the 14 variables, which are used by the global model for fitting its 28 variables a X and b X . The interaction between the global and the local model is presented in Fig. 4 . Fig. 4 . Description of the interaction between the global model and the local model The set of 28 parameters a X and b X , where X may be FWMH, I or wn 0 , is obtained when convergence is achieved. Figure 5 , and panels D and E concern the convergence of 
Results
The method described in Section 3 has been applied to the observations performed between September 10 th 2006 (orbit 142) and March 3 rd 2008 (orbit 682) during 30 different miniscans. The retrievals have been performed for all the binning cases defined in Section 2. Figure 6 shows the local fit for the 2328. It has to be noted that the AOTF transfer function obtained using this technique is the mirror of the one that has to be used for spectra analyses. This finds its explanation in the miniscan measurement scheme. The solar line may be considered as a Dirac peak. It is scanned while slightly incrementing the AOTF frequency value, i.e. while moving the physical AOTF functions along the wavenumber axis to the right. As the source remains fixed, and the recorder shifts in terms of wavenumber, what we record is the opposite of the AOTF transfer function. If one could displace the solar line, we would obtain directly the AOTF transfer function. The AOTF transfer functions obtained are shown in Fig. 7 for bin 1, in the 2x12 binning case. An example of coefficients set is given in Table 1 . To obtain the coefficients sets of other binning cases, please contact the corresponding author. 
